The ground-state Gamow-Teller transition in the decay of 14 O is strongly hindered and the electron spectrum shape deviates markedly from the allowed shape. A reanalysis of the only available data on this spectrum changes the branching ratio assigned to this transition by seven standard deviations: Our new result is (0.54 ± 0.02)%. The Kurie plot data from two earlier publications are also examined, and a revision to their published branching ratios is recommended. The required nuclear matrix elements are calculated with the shell model, and, for the first time, consistency is obtained between the M1 matrix element deduced from the analog γ transition in 14 N and that deduced from the slope in the shape-correction function in the β transition, a requirement of the conserved-vector current hypothesis. This consistency is obtained, however, only if renormalized rather than free-nucleon operators are used in the shell-model calculations. In the mirror decay of 14 C, a similar situation occurs. Consistency among the 14 C lifetime, the slope of the shape-correction function, and the M1 matrix element from γ decay can be achieved only with renormalized operators in the shell-model calculation.
I. INTRODUCTION
The nucleus 14 O decays predominantly by a Fermi transition to the 2.313-MeV 0 + state in 14 N. Weak Gamow-Teller branches are evident to the 1 + state at 3.95 MeV in 14 N (branching ratio, R GT = 0.055%) and to the 1 + ground state with R GT ∼ 0.6%. It can be concluded then that the Fermi transition has a branching ratio of ∼99.3%. Since systematic studies of Fermi superallowed transitions require that their branching ratios be known to an accuracy of ±0.1%, the branching ratio of the ground-state Gamow-Teller transition for 14 O must be determined to within 10% of its central value. This Gamow-Teller transition is strongly inhibited. Its ft value is roughly 10 4 times larger than is typical for favored 0 + → 1 + transitions. (Even more inhibition is evident in the analog 14 C → 14 N transition.) The inhibition is attributed to accidental cancellation in the allowed Gamow-Teller matrix element for this transition [1] . Because the allowed matrix elements are so small, the induced terms (particularly "weak magnetism"), as well as the relativistic and the secondforbidden terms are expected to contribute appreciably to the decay probability. As a consequence, many of the usual assumptions in the allowed approximation may not be valid. For example, the spectrum shape may deviate markedly from the allowed (or statistical) spectrum shape.
To date there has been only one measurement, by Sidhu and Gerhart [2, 3] , of the detailed shape of the β spectrum from 14 O decay, from which they determined the branching ratio of the ground-state Gamow-Teller transition with the required precision. It was performed with an iron-free, β-ray spectrometer and was published 40 years ago! More recently, calculations by García and Brown [4] could not satisfactorily fit the observed β spectrum, which led the authors to suggest there might be some systematic problem with the measurements of Sidhu and Gerhart. This conclusion would have a serious impact on the branching ratio for the Fermi transition. For this reason, we have reanalyzed the data of Sidhu and Gerhart, which we obtained from a copy of Sidhu's Ph.D. dissertation [3] . Our conclusion is that the 14 O spectrum shape can be understood, but only if renormalized operators are used in the shell-model calculations of the nuclear matrix elements. Our reanalysis yields a ground-state branching ratio of (0.54 ± 0.02)%, compared with the originally published result [2] of (0.61 ± 0.01)%-a large shift in terms of the uncertainties quoted.
II. REANALYSIS OF SIDHU-GERHART EXPERIMENT
The probability per unit time for emission of a positron whose momentum lies between p and p + dp is dN dp
where G F is the weak-interaction coupling constant, V ud is the up-down matrix element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, E is the positron kinetic energy in MeV, E 0 is its maximum value, p is the positron momentum, F (Z, E) is the Fermi function, Z is the atomic number of the daughter nucleus, S(Z, E) is the shape-correction function, Q(p) is an atomic screening correction, and R(p) is a radiative correction.
[The average value of R(p), when integrated over an allowed electron spectrum, is denoted as δ R in our publication [5] on superallowed Fermi transitions.] In this work, the shapecorrection function includes the nuclear matrix elements. 1 We write 2π 3 (hc) 6h ln 2
1 Further, these nuclear matrix elements include the coupling constants in their definition. For example, the Gamow-Teller matrix element M GT includes the axial-vector coupling constant g A . and let all the instrumental factors be encompassed by some function K(p). For an iron-free β spectrometer, Sidhu assumes the instrumental function is proportional to the positron momentum, that is, K(p) = κp. If dN/dp is now interpreted as the number of counts in the β-ray spectrometer per unit time that corresponds to positrons whose momentum is between p and p + dp, we can write dN dp = Ap
where A = κ ln 2/K(m e c) 5 and is a constant of unknown magnitude. To calibrate the spectrometer and determine A, Sidhu made measurements of the lower-energy Fermi transition, for which all the factors on the right-hand side of Eq. (3) are calculable, including the shape-correction function S(Z, E). In Fig. 22 of his dissertation, Sidhu showed the measured Kurie plot for the Fermi transition defined as
In selecting an energy at which A is to be determined, Sidhu [3] writes "we want to avoid being too close to the end-point, because of the larger proportion of the high-energy positrons (from the Gamow-Teller decay) being mixed in this branch near the end point. On the other hand, we want to avoid positrons due to contaminants such as 15 O. The point at 1.691 MeV should be a good compromise." At E = 1.691 MeV, after reducing his result by 1.7% to eliminate the estimated contribution of 15 O contaminants, Sidhu quotes
Without the benefit of today's computing facilities, Sidhu assumed the product S(Z, E)Q(p)R(p) to be equal to 2, the square of the Fermi matrix element. We have now computed these factors more exactly and obtained S(Z, E) = 1.00226 × 2.0, Q(p) = 1.00058, and R(p) = 0.99523. This product is 0.2% less than Sidhu's choice and yields
With A now determined, we consider the higher-energy lower-intensity Gamow-Teller transition. For this, we need to perform a nuclear-structure calculation of S(Z, E) and compare with the experimental data. To this end, it is convenient to introduce the shape-correction function defined by Behrens and Bühring [6] : where W is the total positron energy in electron rest-mass units,
. The factor F /F 0 L 0 corrects for the fact that Behrens and Bühring compute the electron density at the origin and not at the nuclear radius R, as was historically the case. In Fig. 20 of his dissertation, Sidhu plots his experimental data for the shape-correction function (corrected for backscattering) for 11 positron kinetic energies between 2.2 and 3.8 MeV. Two lower-energy points are disregarded as being unreliable. We convert these data to the shape-correction function defined by Behrens and Bühring and further apply a screening and radiative correction as follows:
Here we labeled Sidhu's original data as J (E). In Table I we give J (E) as well as the corrections F /F 0 L 0 , Q(p), and R(p) and the determined values of C(Z, W ), which are also plotted in Fig. 1 in Subsec. III A.
III. CALCULATION OF C(Z, W )
We use the formalism of Behrens and Bühring [6] for the shape-correction function, in which it is written in terms of amplitudes M K (k e , k ν ) and m K (k e , k ν ):
Here λ k e and µ k e are β-decay Coulomb functions, which depend on the amplitudes of the electron wave functions at the origin and are defined such that their values are of order unity, with corrections of the order of (αZ) 2 . These quantities have been tabulated by Behrens and Jänecke [7] . The factor γ k e is defined as [k
Here k e and k ν are the partial-wave expansion labels for the electron and neutrino wave functions. In our evaluations we keep the two lowest partial waves in each. Finally, K is the multipolarity of the transition operators. For the ground-state Gamow-Teller decay, 0 + → 1 + , the multipolarity is restricted to K = 1 only.
Behrens and Bühring [6] give approximate expressions for C(Z, W ) by expanding the electron wave functions in a power series in WR and (αZ), and the neutrino wave function in a power series in p ν R, where p ν is the neutrino momentum, and R is a typical nuclear size parameter. We have not followed this procedure, but rather we computed Eq. (9) exactly by solving the Dirac equation for electron wave functions as described in Ref. [8] . Our only simplifying assumption is in the evaluation of M K (k e , k ν ) and m K (k e , k ν ), in which the nuclear form factors of Behrens and Bühring are replaced in the "impulse approximation" with nuclear reduced matrix elements. We compute these reduced matrix elements within the nuclear shell model.
For A = 14 nuclei, we use the 0p-shell wave functions of Cohen and Kurath [9] denoted as (8-16)POT. For comparison purposes we also consider the more recent 0p-shell part of the Warburton-Brown Hamiltonian [10] (the interaction labeled PWBT in Table X of Ref. [10] ). This interaction was determined from a least-squares fit to 51 0p-shell binding energies for which the rms deviation of the fit was 378 keV.
These two sets of interactions incorporate only the 0p shell. We wanted also to examine the possible effects of sd-shell contributions. Close to major shell closures, the choice of a model space and effective interaction can be problematic if one wants to go beyond simple single-major-shell configurations. For example, in the A = 14 spectrum, the lowest-energy states are predominantly two holes outside a closed 16 O core, |2h , but lying low in the spectrum are "intruder" states with configurations involving four holes and two particles, |4h-2p . Mixing between these configurations must occur, and to obtain the degree of mixing with the shell model is difficult. Shell-model calculations that attempt to mix |2h and |4h-2p configurations encounter what has been called [10] the "nhω catastrophe." The presence of |4h-2p configurations depresses the |2h states, opening up a large energy gap between the |2h and the |4h-2p states. This would be corrected somewhat if the model calculation included |6h-4p states as well, as the role of the |6h-4p states is to depress the |4h-2p states. Thus when the model space is truncated to include only |2h and |4h-2p states, the depression driven by the |6h-4p states on the |4h-2p states is absent. In an attempt to circumvent this catastrophe we use quite weak cross-shell interactions and examine the sensitivity of our results to the strength of the cross-shell interaction.
We adopt the following method for incorporating sd-shell effects in the mass-14 system: We use the Cohen-Kurath (CK) interaction [9] for p-shell interactions, the USD [11] for s, d shell interactions, and the Millener-Kurath [12] interaction for the cross-shell matrix elements. The Millener-Kurath interaction was designed to reproduce the unnatural-parity states in p-shell nuclei, such as the negative-parity states in A = 14 that involve just one particle in the s, d shell. It was not designed to give the mixing between |2h and |4h-2p configurations. Nevertheless we use the 2h|V |4h-2p matrix elements given by the Millener-Kurath interaction and multiply the matrix elements by a factor f that ranges from 0.0 to 0.6. When f = 0.0, there is no mixing between the |2h and |4h-2p configurations, and when f = 0.6 the ground-state wave function is approximately 74% |2h and 26% |4h-2p . We quote results we obtained by using f = 0.3, and denote this interaction as MK. We examined the sensitivity of our results to a variation of f and found that the spread of the different results is within the assigned errors.
We are interested in further refining the wave function for the 1 + T = 0 state in A = 14. As noted by García and Brown [4] , who suggested this procedure, the Gamow-Teller transition strength to the lowest 1 + state is very small compared with the strength of the transition to the second 1 + state at 3.95-MeV excitation energy. Thus any small mixing between these two 1 + states in the model will have a large effect on the weak transition rate. To make use of this fact, we can write the wave function for the lowest 1 + state in 14 N as
with α 2 + β 2 = 1. Here (1) and (2) refer to the first and second model states obtained with the CKPOT, PWBT, or MK effective Hamiltonians. In fitting the β-decay data, it turns out that we need a negative sign for β with the CKPOT interaction and a positive sign with the PWBT and MK interactions.
Our strategy is then to adjust α to minimize the χ 2 between the calculated C(Z, W ) and the corrected experimental shapecorrection function given in Table I . The Gamow-Teller matrix element M GT is particularly sensitive to small variations in α and consequently is rather precisely determined mainly from the fit of the absolute magnitude to the shape-correction function. We fitted our calculated C(Z, W ) to the expression
as the approximate expressions of Behrens and Bühring can be cast in this form. In Table II we give the parameters, k, a, b, and c, as we determined by least-squares fitting for each set of shell-model interactions. The parameter a, which is called the slope of the shape-correction function, can be expressed in approximate form [4, 6] as
where M is the nucleon mass (in electron rest-mass units) and M β M1 is the M1 matrix element. Clearly this slope is dominated by an interference between the Gamow-Teller and the M1 matrix elements. This is of considerable-indeed historical-importance [13] . A measurement of M β M1 obtained from β decay can be compared with the corresponding matrix element M γ M1 obtained from the electromagnetic transition between the isobaric analog state and the ground state of 14 N. The conserved vector current (CVC) hypothesis as enunciated by Gell-Mann [13] proposes that the vector current of the weak interaction is just a rotation in isospin of the vector current of the electromagnetic interaction; in this case we would expect is the 0 + T = 1 → 1 + T = 0 decay of the 2.313 MeV state, which has a measured γ width [14] of γ = (6.7 ± 0.3) × 10 −9 MeV. The corresponding M1 matrix element is
Here E γ is the photon energy in MeV, E γ = 2.313 MeV, and µ N is the nuclear magneton unit; µ N = 0.1262 MeV 1/2 fm 3/2 . The matrix element is dimensionless. To conform with CVC, the β-decay M1 matrix element should be given by
if we neglect charge-symmetry-breaking corrections. García and Brown [4] have studied this issue and concluded that "one should not expect very large charge-symmetry-breaking effects in the A = 14 system." It is evident in Table II that for values of α that give a good fit to the experimental β-decay spectrum shape the value of the M1 matrix element differs from Eq. (14) by about a factor of 1.7. This disappointing result is also consistent with the conclusions of García and Brown [4] : With 0p-shell wave functions it is not possible to fit the B(M1; 0 + → 1 + ) radiative decay simultaneously with the β-decay measurements of Sidhu and Gerhart [2, 3] .
We could have adjusted α to fit both C(Z, W ) and the M1 matrix element simultaneously in a least-squares procedure. The result, however, would not have been very different from what is shown here, as the shape-correction function is very sensitive to α, whereas the M1 matrix element is not. This is because the magnitude of C(Z, W ) depends on |M GT | 2 , and its slope is inversely proportional to M GT . If in the fit to C(Z, W ) we examine the one-standard-deviation contour (i.e., find how α varies as χ 2 goes from χ 2 min to χ 2 min + 1) then the change in α is in the sixth significant digit. Whatever procedure is used, the value of α must depend predominently on the fit to the shape-correction function.
We also examined the mirror decay of 14 C, whose lifetime is known [15] to be t 1/2 = 5700(30) yr. Our strategy for this decay is to adjust the wave-function amplitude α to fit this lifetime exactly. (Again, this is the quantity that depends sensitively on α.) Then the shell-model calculations give a prediction for the shape-correction function C(Z, W ), whose slope parameter a can be compared with the experimentally determined value of Wietfeldt et al. [16] . The results are listed in the bottom half of Table II . Again we have a disappointing result: The calculated slope parameter of a −0.33 differs significantly from the experimental value 4 of −0.23(2).
A. Renormalized operators
We carried out the shell-model calculations just discussed by using operators derived in the impulse approximation with coupling constants appropriate for free nucleons. In finite nuclei one expects corrections to this scheme to come from two sources: First, the shell-model calculation is carried out in a truncated model space, which can be corrected in a perturbation expansion, and second, the nucleons in the nucleus are interacting by means of the exchange of mesons, and these mesons can influence the electromagnetic and weak interactions in nuclei. The two corrections are called core polarization and meson-exchange currents, respectively. These phenomena are responsible for the quenching of the Gamow-Teller matrix element in finite nuclei. We define
where g A is the free-nucleon value of the axial-vector coupling constant, g A 1.27, and δg A is the correction to it. We fix the value of δg A by considering the β decay of 15 O to its groundstate mirror in 15 N, whose experimentally determined GamowTeller matrix element [17] shows a reduction of 13.2(7)% over that calculated with the free-nucleon coupling constant for a 14 C slope a −0.23 (2) configuration that consists of a single 0p hole in a closed 16 O core. To fit the experimental value requires
and we adopt this value.
We also need to understand how the isovector M1 operator is renormalized by core polarization and mesonexchange currents. Both these corrections were evaluated in an ab initio calculation for closed-shell-plus-or-minus-onenucleon configuration by Towner and Khanna [18] . Their results for the A = 15 case of a 0p hole in an 16 O core are expressed in terms of an effective M1 operator defined as
where g
X,eff = g
X , with g X being the free-nucleon coupling constant, δg X the calculated correction to it, and X = L, S, or P. The free-nucleon values are g With the effective operators thus selected, we repeated the strategy of adjusting the wave-function amplitude α to minimize the χ 2 between the calculated C(Z, W ) and the corrected experimental shape-correction function given in Table I . The results of the fit are given in Table III , from which it is observed that the M β M1 matrix element is considerably reduced from that in Table II and is now comparable with that deduced from γ decay. This is a major success and a strong endorsement for the use of renormalized operators. However, it is not all good news. For two of the wave-function choices, CK and MK, the quality of the fit to the experimental shape-correction function is inferior, the χ 2 per degree of freedom being two to four times larger. Only for the PWBT interaction is the quality of the fit comparable. We show the PWBT fit in Fig. 1 . It is clear that the renormalized operators lead to a smaller slope in the shape-correction function. This is the expected result because the slope is governed by the matrix-element ratio M β M1 /M GT , as given in Eq. (12) .
For the mirror decay in 14 C, our strategy was to fix the wavefunction amplitude α to reproduce the known lifetime and use these wave functions to compute the shape-correction function C(Z, W ), giving a prediction for the slope parameter a. From Table III it is clear that the use of renormalized operators is very successful: The calculated slope parameter of a −0.22 agrees perfectly with the experimental result of Ref. [16] .
IV. THE 14 O GAMOW-TELLER BRANCHING RATIO
Now that a shape-correction function C(Z, W ) has been obtained for 14 O decay that agrees reasonably well with the data of Sidhu and Gerhart [2, 3] (see Fig. 1 ) we integrate this function over the entire β spectrum and compare with 2.3 2.5 2.7 2.9 3.1 3.3 3. 
where t F and t GT are the partial half-lives of the Fermi and Gamow-Teller transitions, respectively, and N F and N GT are their integrated count rates, N = (dN/dp)dp. For the Gamow-Teller transition, the statistical rate function is defined as
Note that, because C(Z, W ) includes the nuclear matrix elements, we have divided by |M GT | 2 to conform with the normal definition of f. The calculated values for the Gamow-Teller transition are listed in Table IV for the various wave-function selections.
The other factors in Eqs. (19) were evaluated as follows: For the Fermi transition we calculate f F = 42.772 (see Ref. [8] ) and |M F | 2 = 2.0. Next, using the methods described in Ref. [5] , we obtain (δ R ) GT = 1.294%, (δ R ) F = 1.520%, and δ C = 0.57%. With these values we obtain the branching ratios listed in the last column of Tables II and III. We adopt the result with renormalized operators as our central value and assign an error that is half the spread between the renormalized and free-nucleon operators, obtaining R GT = (0.540 ± 0.015)%. However, there still remains a 1% normalization uncertainty in the value of the calibration constant A, Eq. (6). We add this uncertainty linearly to obtain as our final branching ratio a value of
This result differs from the published result by Sidhu and Gerhart [2] of R GT = (0.61 ± 0.01)% and has a larger uncertainty. The Gamow-Teller matrix element from the fit is M GT = 0.0149 ± 0.0005 compared to the published result by Sidhu and Gerhart of M GT = 0.0164 ± 0.0004. a question of the method of analysis: The raw data are in conflict. If one considers a ratio of ratios, comparing the ratio of Gamow-Teller with Fermi Kurie plots for Sidhu [3] and Frick et al. [20] , discrepacies of the order of 20% are evident. This alone leads to a 40% difference in the deduced branching ratios. If a modern-day experiment were to be mounted, this would be one discrepancy that could quickly be resolved.
B. The Fermi branch and corrected F t value
A survey of all the data on superallowed 0 + → 0 + Fermi decay has recently been published by Hardy and Towner [8] . For the 14 O Fermi branching ratio, the value of 99.334(10)% is given there based on the ground-state Gamow-Teller branching ratio obtained from Sidhu and Gerhart [2] averaged with the two older and less-precise results from [19] and [20] , and a second Gamow-Teller branching ratio to the 3.95-MeV state of 0.0545(19)%. If we now replace the Sidhu-Gerhart value with the result from Eq. (21) and increase the branching for the two older data by 14%, as discussed in subsec. V A, but leave their error assignments at their published values, then we obtain a very conservative estimate of the ground-state Gamow-Teller branching ratio of (0.57 ± 0.06)%. The uncertainty here has been scaled by 2.6 according to our usual prescription [8] because of the incompatility of the Sidhu-Gerhart result with the two older measurements. The Fermi branching ratio is now increased to 99.376(65)%. The impact of this is to lower the corrected Ft value from 3071.9(26)s to 3070.7(32)s. This value still leaves the 14 O datum consistent with the other 11 precision-measured Ft values, although it is now on the low side of the average. The slight shift in 14 O is well within the stated errors in the survey [8] and has a negligible impact on the physics conclusions obtained there.
VI. A NOTE ON f t VALUES FOR GAMOW-TELLER TRANSITIONS
It is traditional to characterize an allowed Gamow-Teller transition by its log f t value, where the statistical rate function f used in this application is devoid of any nuclear-structure factors and is defined in Eq. (24). When the Gamow-Teller matrix element is large, of the order of unity, then the shape-correction function C(Z, W ) is nearly independent of energy and C(Z, W )/|M GT | 2 is close to unity. Under these conditions there is little difference between the exactly defined f of Eq. (20) and the traditional expression in Eq. (24). However, for the Gamow-Teller transitions in 14 O and 14 C decays, |M GT | is very small and the shape-correction function has a significant effect. For these transitions there is a large difference between the exact f and f stat , as shown in Table IV. For the exactly defined f, the transition ft value equals a constant divided by the square of the Gamow-Teller matrix element: 
Note that in our notation |M GT | includes the axial-vector coupling constant g A . For precision work, the lifetime t should be adjusted for radiative corrections. Equation (26) is frequently used to deduce the Gamow-Teller matrix element from a published ft value for which f stat has been used for f. For example, the National Nuclear Data Center [15] gives the log f t value for 14 C decay as 9.040(3) and for 14 O decay as 7.279 (8) . Deducing |M GT | from Eq. (26) with these values would be incorrect. The log f t values for the exactly defined f are 8.72(2) and 7.44(1), respectively, with larger error bars because of the uncertainty from nuclear structure.
VII. CONCLUSIONS
We began this work disturbed by the statement from García and Brown [4] that it was not possible to fit the B(M1; 0 + → 1 + ) radiative decay in 14 N simultaneously with the 14 O β-decay measurements of Sidhu and Gerhart [2] , an apparent violation of the CVC hypothesis. A problem with the Sidhu-Gerhart work "could significantly change the conclusions extracted from 0 + → 0 + transitions regarding universality and unitarity," they wrote. We initially reanalyzed the Sidhu-Gerhart experiment and came to the same conclusion as García and Brown, but we then discovered that by using renormalized operators in the shell-model calculation we could achieve much greater consistency between the requirements of the CVC and the measurements of Sidhu and Gerhart. This observation was reinforced when we examined the mirror 14 C decay. There it was only possible to fit the known lifetime and the slope parameter in the shape-correction function [16] while remaining consistent with the requirements of CVC, if renormalized operators were used. This is our principal physics conclusion: The use of renormalized operators is mandatory.
A second important outcome relates to the superallowed β decay of 14 O. With the reanalysis of the Sidhu-Gerhart experiment the recommended value from this experiment for the Gamow-Teller branching ratio from 14 O to the ground state of 14 N is R GT = (0.54 ± 0.02)% compared with the published value [2] of (0.61 ± 0.01)%. This result, when combined with updated older measurements, revises the recommended branching ratio for the Fermi transition from 99.334(10)% to 99.376(65)% and shifts the corrected Ft value for the Fermi branch downward by 1.2 s. This shift is within the stated uncertainty of the Ft value given in the survey of Hardy and Towner [8] and does not alter any of the conclusions reached there.
